Abstract Hydrogeological mapping comprises a group of methods with which the area of interest is carefully inspected for the appearance of groundwater related phenomena. During the mapping of groundwater and surface water, samples can be collected for further analysis. On the karstic River Savica (NW Slovenia) the methodology of detailed hydrogeological mapping was tested by which, every 100 m along the river course, samples of water were collected for stable isotopic composition of oxygen (d 18 O). River Savica results from two main tributaries (Velika Savica and Mala Savica) recharging on a high mountain karstified plateau with an average discharge of 5.08 m 3 /s. Application of hydrogeological mapping methodology to the riverbed resulted in a conceptual model of the groundwater components entering the river. Based on the end member mixing models and with the application of isotope and electrical conductivity data as conservative tracers, it was possible to estimate the contribution of different karstic groundwater components to the river outflow. For the first time it was estimated that, under low and average water conditions, Mala Savica contributes from 12 to 17 % and Velika Savica from 78 to 82 % of the total River Savica discharge, there being only minor inflow from the other sources.
Introduction
A number of phenomena and processes may be observed in a riverbed. A river is recharged either with groundwater from the riparian zone or by direct inflow from rocks outcropping in the bed. At the same time, water from the river can infiltrate into the banks and the surrounding aquifers. These processes change over the course of time and are season dependent. During high water periods, water from the river flows into the banks forming bank storage and, at low water periods, water flows in the opposite direction, resulting in drainage of the bank storage. Such geological conditions in the riverbed and in the whole watershed can complicate the relation between surface water and groundwater bodies. (Winter 1999; Woessner 2000; Hayashi and Rosenberry 2002; Sophocleous 2002) . These phenomena cannot be observed directly; they can be detected only indirectly through a number of different measurements (Kalbus et al. 2006) .
The most common method is simultaneous measurement of state discharge relation in the river and measurement of groundwater level in the river banks and the neighbouring aquifers (Acworth et al. 2015; Dujardin et al. 2014) . That information can only be obtained with measurements at defined points (Pruneda et al. 2010; Schilling Electronic supplementary material The online version of this article (doi:10.1007/s12665-016-5479-7) contains supplementary material, which is available to authorized users.
and Zhang 2011), conditions between those observation points being unknown. However, by this approach not all the processes can be detected, especially when information of the spatial relations between inflow and outflow from the stream bed are needed and when spatial trends along the stream course are changing. Such relations can be obtained only with the successive observations along the stream course in the riverbed and along its banks (Conant 2004; Anibas et al. 2012) . This can only be achieved by the application of hydrogeological mapping, by which the whole course of the stream is observed and the pertinent measurements are carried out at the same time. Geochemical methods are frequently applied for such investigations of groundwater surface water interaction (Hoehn and Scholtis 2011; Molina-Giraldo et al. 2011; Yang et al. 2012; Skeffington et al. 2015) .
Hydrogeological mapping comprises a set of methods with which field data and parameters of groundwater appearance are obtained. The final result of this process is expressed in a general or thematic hydrogeological map (Struckmeier and Margat 1995; Schürch et al. 2007; Zaltsberg 2013) . In areas where a surface stream is present a very common method of hydrogeological mapping is the detailed inspection of the water appearance in the main riverbed and in its tributaries. The main aim of such mapping is to detect all the appearances of surface water and any contributions of groundwater to the surface water, as well as to take into consideration any other groundwater surface water interactions. At the same time, spatial trends in parameters of stream water have to be observed. When questions are focused on groundwater flow into the stream, mapping is performed under low water conditions.
The mapping has to be performed by experienced persons utilising field equipment for measuring the electrical conductivity-(EC) of the river water and its temperature. These two measurements are quick and simple to make, and so can be applied easily and frequently, important especially during mapping under demanding field conditions. During the first step of mapping, discharges are estimated as order of the magnitude, with the aim of becoming aware of discharge changes, i.e. whether water sinks into the bed or whether there is any non-visible flow into the stream. In parallel, other measurements, such as those of pH and redox potential, can be carried out, although they are usually appropriate in the following steps, when more detailed investigations at particular selected points are necessary. In parallel to these hydrological observations, the morphology of the riverbed and banks is also studied, since morphological features can sometimes be of help in discerning relations between ground and surface waters (Dahl et al. 2007; Bayani Cardenas 2008; Kalbus et al. 2009 ). Due to fluctuation of the hydrological conditions in the stream, such mapping needs to be performed in the shortest time possible and the results reported together with the time and date of the mapping. In order to obtain information on the variability of the system under study, mapping is repeated in different seasons, especially in summer and winter periods.
The aim of this study was to apply the approach of hydrogeological mapping to a stream in which, in parallel to qualitative observations, discharge, EC, water temperature and sampling for isotopic composition of oxygen (d 18 O) were performed. Conservative tracer values of d
18
O were intended to provide complementary information together with which processes of groundwater surface water interaction would be detected and interpreted. The hypothesis to be tested was that such approach can be useful in investigating karstic rivers with complex hydrogeology. This hypothesis was tested on the River Savica (NW Slovenia) which is recharged from extensive high mountainous karstic aquifer and flows over carbonate bedrock and carbonate sediments of fluvioglacial and slope decay origin. The results obtained from the field campaign and from laboratory measurements were used to detect relations between different groundwater and surface flow contributions and to test spatial and temporal relations between the measured parameters. As well as methodology testing, the results of investigations would be important for extending existing knowledge of the River Savica system. It is an important water resource for current and future use. According to the best of the authors' knowledge no such mapping approach has been applied on the River Savica or on any other river.
General settings Geographical position
The River Savica is located in the north-west of Slovenia (Fig. 1a) , in the centre of Triglav national park which covers a large part of the eastern Julian Alps. The river provides the main recharge of Bohinj Lake, the largest Slovenian natural lake. It is one of the two main sources of the River Sava which constitutes the main trans-boundary river basin in the West Balkans and is part of the Danube basin. The Savica is short with a length of only 4.0 km and consists of two tributaries in the upper part: Mala Savica coming from the west and Velika Savica coming from the north-west (Fig. 1b) . The first is recharged from several water caves in which the water level depends on hydrological conditions, the terminal end of the water in its riverbed part changing during the year. The second tributary is recharged from a 510 m long karstic cave (Mlinar 1994) whose entrance is at 836 m a.s.l. and where the water disappears over a 75 m high (Ramovš 1983; Skoberne 1988 ) famous and picturesque waterfall. The total altitude difference between the main spring and the confluence with the Bohinj Lake is 311 m and the average gradient of the riverbed is 0.08. The majority of the river recharge area is positioned on the high karstified mountainous plateau that extends into the rugged high mountain chain (Trišič et al. 1997; Urbanc and Brancelj 1999; 2000; Bat 2007 ). The geology of the catchment is predominantly Dachstein limestone of Upper Triassic age, subordinated by a small number of dolomite beds (Buser 1986 which is positioned 720 m before the confluence of the river with Bohinj Lake. In the period between 1954 and 2012 the average discharge at the gauging station Savica Ukanc was 5.08 m 3 /s. At the gauging profile, the riverbed is reported as occasionally dry and the maximum measured discharge was 138 m 3 /s. The discharge regime is classified as one in which the outflow is associated predominately with snow thawing, the rainfall contribution to the water balance being subordinate . There are several tributaries, predominantly from the south direction, but they are mainly dry and function only as torrents (Fig. 1b) . The discharge regime is also influenced by operation of hydropower plant Savica for which water is captured at the dam lake, forming a pool shortly after the waterfall, and transferred by a delivery pipe to the hydropower plant Savica (Fig. 1b) . Water is again discharged back into the river 480 m upstream of the gauging station. Discharges through the delivery pipe to the hydropower plant are not known but, from observation of the discharge in the streambed, it is known that they are variable.
Geomorphological and hydrological conditions in the stream
Velika Savica starts with a waterfall from the spring flowing out from the cave over the rock wall to the artificial pool behind the dam (Fig. 1b) . Only a small part of the water flows over the dam. Before the confluence with Mala Savica, water flows through a narrow and steep gorge where light grey thick bedded Dachstein limestone is outcropping. The stream bed is covered with large boulders and, here and there, with sand and gravel. Under low water conditions water flows between boulders and its course is diffuse, causing problems in determining discharge. A similar situation obtains in the Mala Savica riverbed. Its upper part comprises a narrow gorge with outcrops of Dachstein limestone. In each of the mapping campaigns the Mala Savica riverbed terminated at a different point. Before the confluence with the Velika Savica the valley widens and is covered with large boulders, gravel and sand. The confluent area of the Mala Savica and Velika Savica is relatively flat and covered with boulders. The distance between their confluence and Bohinj Lake is 3300 m. The water flow from the direction of Mala Savica to the streambed of Velika Savica, where the two waters mixed, could be clearly deduced by visual inspection. Sometimes, before the confluence, river bed of Velika Savica is completely dry (Fig. 1b) .
After the confluence, river flow continues in a steep valley covered with large boulders. There are a few rock outcrops of Dachstein limestone but the main part of the valley comprises from sediments of glacial origin, rock falls and debris flows. Where water flows from the narrow valley it fans out on a surface covered with boulders. In this region the river water sinks into the riverbed; during certain seasons it disappears at different points, necessitating change of the sinking point, resulting in a slight difference in the number of sampling points in different mapping campaigns. Here, the river forms several braided channels that are completely dry during low flow periods. The length of the dry riverbed also depends on the season. Some pools of water in the deeper part of the riverbed were present and their position also changed during the seasons. In the driest season the main channel became completely dry until the place where inflow from the hydropower plant appears (Fig. 1b) . From there on, water in the riverbed flows continuously to the confluence with Bohinj Lake.
Materials and methods

Hydrogeological mapping
Hydrogeological mapping of River Savica was performed in three campaigns under conditions of low water. The first campaign was performed in summer on August 12th 2010, the second on February 2nd and 3rd 2011 during winter, when snow was present on the ground, and the third again in summer on August 22nd and 23rd 2011. All three campaigns started at the confluence of the River Savica with Bohinj Lake and proceeded up river until no more water was present in the Mala Savica riverbed or when the terminal pool at the dam for the Velika Savica was reached (Fig. 1b) . The only exception was the first mapping day of the third sampling campaign, when mapping started at the Mala Savica spring. Where possible, measuring and sampling were performed at approximately every 100 m of the river course. At each point EC and water temperature were measured. Discharge was estimated from rough measurements of flowing objects. Estimates were more precise in the upper part, where the river stream is narrower than in the lower part, so extended intervals are used for measurements in the downstream direction (Table 1 ). In the final interpretation the estimated discharge data were used only as guiding values, helping to understand the behaviour of water in the stream. At all measuring points 100 ml of water was taken as a grab sample for isotope analysis.
Analytical methods
Oxygen stable isotopic composition (d 18 O) was determined using a continuous flow isotope ratio mass spectrometer (IsoPrime with MultiFlow-Bio module) employing the water-CO 2 equilibration technique. All measurements were carried out against laboratory reference materials that are periodically calibrated against IAEA primary reference materials (VSMOW/SLAP). The conventional d notation is used and values are reported as per mil (%) deviations from the VSMOW reference material. The reproducibility of laboratory standards was 0.09 % for d
18 O and repeatability of samples, measured in duplicate, varied between 0.00 and 0.12 %, with an average of 0.05 %. All results are reported to two decimal places.
EC of water was measured with the portable conductivity meter (company WTW) which also enables simultaneous measurement of water temperature. EC was compensated to the temperature of 25°C. The instrument was calibrated against laboratory standards with 0.01 M KCl solution before every field campaign.
Models
Based on the results of hydrogeological mapping, a conceptual model of the River Savica was defined. Following its hydromorphological characteristics and information obtained directly from the riverbed, various components contributing to the total river outflow were specified. To interpret the contribution of components to the total river outflow, a simple two-component end member mixing model, based on the assumption of conservative tracer, was applied. The concentration, c, of conservative tracer of a particular component and the share of that particular component, 18 O values in precipitation, was used only to interpret missing data in the third sampling campaign. The end member mixing model was applied in steps. Components of the mixing model were calculated in relation to the position of the particular sampling points along the river course. The start or end of the sampling profile was used as a modelling starting point. The majority of calculations rely on the mixing ratios, calculated based on the mixing between water inflowing from the hydropower plant, which has the same composition as water at the spring of Velika Savica, and water in the riverbed (Fig. 1b) . These first estimations were used as a starting point for calculations and determinations of balance calculations in the upstream direction.
Special caution was taken when an end member mixing model based on EC measurements is applied. This model is not universally applicable. Degassing can occur during mixing of waters with different states of saturation and different species of mineral precipitation. Typical of this is a CaCO 3 -CO 2 dominated system near saturation, where mixing of two saturated waters can produce an unsaturated mixture, precipitation of calcite or degassing of CO 2 (Dreybrodt, 1988) . As a consequence, in such cases nonlinear mixing is present and the linear end member mixing model is not applicable. When saturation of water in the carbonate aquifer is low, as a consequence of thin soil cover in the recharge area, and no precipitation of minerals (e.g. tuffa) is present in the riverbed, conductivity, EC, can be applied in the model as a conservative tracer. This is the case in river Savica where EC values measured during the mapping campaign were low.
Results from mapping and laboratory measurements were subjected to descriptive statistics and distribution analysis. In a classical statistical analysis, the empirical distribution of the data is usually represented by a histogram. Alternative graphical representations include the kernel density approach which aims to mimic the hypothetical probability density function of the limit distribution. This kernel density approach can be used also in the regression analyses where two variables are present. Both dependent and independent variables are smoothed by kernel density function (in our case Gaussian distribution) 
Conceptual model
There are two main components of River Savica outflow that are formed by the two main tributaries-Mala Savica coming from the west and Velika Savica from the northwest. On visual inspection, Velika Savica has the higher discharge; however, a large part of it is captured by the dam and transferred through the pipe line into the hydropower plant, from where water is discharged back into the riverbed 475 m above the gauging station. The diversion of water from the river's strongest spring alters conditions in the riverbed in the downstream direction, leading to greater influence of the Mala Savica than would be expected in undisturbed conditions. Other contributions to the total Savica outflow would be expected, but they are not directly visible except under high water conditions when torrents are active. These other contributions to the total base flow can be divided into a low water component and a high water component. The contribution of the latter to the water balance and its isotopic composition can be detected only by event sampling at high water discharges when torrents are active. Their influence under average and low water conditions is small, so the water flow in their beds was neglected in our interpretation.
During the field mapping campaigns additional diffuse inflow into the riverbed was observed. One component of this inflow is related to the riverbed of the Velika Savica between its spring and its confluence with Mala Savica. A second contribution is the inflow between the confluence of Mala Savica and Velika Savica and the discharge point of water from the hydropower plant. Both components are expected to be small relative to the main Mala Savica and Velika Savica discharges (Fig. 1b) .
Based on information obtained during mapping, a conceptual model comprising five components was established. These components are marked from C 1 to C 5 and are shown on Fig. 1b . Component C 1 is attributed to the main Velika Savica spring, the second C 2 to Mala Savica and its springs, the third component C 3 to the riverbed of Velika Savica between spring and confluence with Mala Savica, the fourth C 4 to the inflow of the area between confluence of Mala Savica and Velika Savica and the water outflow from the hydropower plant. At the gauging station Savica Ukanc all these component defined as C 5 . After that point no additional components to water balance were detected.
Results and discussion
Interpretation of hydrogeological mapping
The results of the hydrogeological mapping are interpreted in two steps. In the first, each mapping campaign is interpreted separately and, in the second, all campaigns are interpreted together. The results of hydrogeological mapping and measurements are represented in Figs. 2, 3 and 4. Each point on the diagrams is defined with its distance along the river course from the main spring of Velika Savica which is taken as the zero point. Reference distances for Mala Savica are calculated from the confluence with Velika Savica. For all three mapping campaigns four locations in the riverbed are important; with their help interpretation is performed for the whole river course. Important locations are marked with vertical blue lines (Figs. 2, 3, 4 and 6 ). The first location is at the gauging station Savica Ukanc, the second at the inflow of water from the hydropower plant Savica, the third represents the sinking area and the fourth is at the confluence between Mala Savica and Velika Savica.
Mapping in August 2010
The first mapping campaign was performed on August 12th 2010 and samples were collected at 38 locations (Fig S1  and Table S1 of the electronic supplementary material-ESM). At Bohinjska Č ešnjica meteorological station (10 km east of the Savica) average daily air temperature was 20.5°C. EC ranged from 158 to 183 lS/cm with an average value of 174 lS/cm and a difference of 25 lS/cm between minimum and maximum values. Water temperatures ranged between 5.2 and 11.3°C, with an average value of 7.4°C and a range of 6.1°C. d
18 O values ranged between -10.86 and -9.80 %, with an average value of -10.25 % and range of 1.06 %. The average daily discharge at the gauging station was 1.56 m 3 /s. In the total discharge duration curve during years 1954 and 2012 in 41 % of the time discharge was lower than on the day of mapping. Based on this it can be concluded that mapping was conducted under close to average hydrologic conditions. Results of the mapping are shown in Fig. 2 .
A sharp change of measured parameters occurs at the inflow point of water from the hydropower plant (Fig. 2) . d
18 O values decrease from -10.06 % before the inflow to -10.69% and then, after 100 m, rose slightly to -10.57 %. These variations show the influence of Velika Savica spring where, during the same sampling campaign, a d 18 O value of -10.86 % was recorded. A similar change was observed in EC values, with a decrease from 183 to 158 lS/cm. The latter value is identical to that recorded at Velika Savica spring. Smaller variations were observed in river temperature data. Variations in these data show that the spring water of Velika Savica, which is diverted directly to the delivery pipe of hydropower plant and then discharged back into the stream, influences the characteristics of the river below this point. From this point on, in a down gradient direction only, slight changes in EC and d 18 O are evident. Slight warming of river water was observed near the confluence with Bohinj Lake where the riverbed widens and the river flow is shallow (Fig. 1b) .
Applying the d In the central part of the river course above the hydropower plant (Fig. 1b) only standing water in pools was present. Changes in d
18 O value and in EC profiles are observed, although no variation in temperature profile was detected. A change of water temperature is observed at the point where water sinks into the riverbed (Fig. 1b) . This is an important information that shows water in the pools is not standing water but outcropping groundwater, so its values can be used for modelling calculations. The changes in EC are small and do not allow end member mixing calculations; however, estimates can be obtained based on d
18 O values. From these estimates it was concluded that the southern C 4 component represents 21 % of the total water in the streambed before the inflow point from the hydropower plant.
Values of EC and d
18 O for Mala Savica and Velika Savica represent distinctive end members and enable the ratio between discharges of both tributaries to be estimated. After the confluence, the river contains 9 % of C 3 component and 91 % of Mala Savica 
Mapping in February 2011
The second mapping campaign was carried out on February 2nd and 3rd 2011. Samples were collected at 38 locations ( Fig S2 and Table S2 of the electronic supplementary material-ESM). At Bohinjska Č ešnjica meteorological station the average daily air temperatures were -4.5 and -3.8°C, respectively. EC ranged from 165 and 180 lS/cm, with an average value of 172 lS/cm and range of 15 lS/cm. Water temperatures were between 3.5 and 5.8°C, with an average value of 4.7°C and range of 
2.3°C. Values of d
18 O ranged between -10.67 and -9.88 % with average value of -10.18 and range of 0.79 %. The average daily discharge at the gauging station was 0.22 m 3 /s on February 2nd and 0.21 m 3 /s on February 3rd. In the total discharge duration curves for 1954 and 2012 discharges were lower than that on the day of mapping for 6.5 and 6.0 % of the time, respectively. Based on this it can be concluded that the mapping was conducted under low water hydrologic conditions.
The results of the second campaign (Fig. 3) show similar shapes and trends as those of the first campaign (Fig. 2) . Slight differences are observed in the upper part of the river course where mixing between Mala Savica and Velika Savica takes place. The influence of inflow from the hydropower plant is distinct and, again, EC and d
18 O values of the inflowing water are nearly the same as those of the water in the pool below the main Velika Savica spring. Using the same procedures as for the first sampling campaign, ratios between balance components were calculated. If mixing ratios are calculated using d
18 O values, C 1 component is represented in C 5 component with 50 % with corresponding discharge of 0.110 m 3 /s. Taking into account the EC data, higher mixing ratios are obtained and C 1 component represents 67 % with a discharge of 0.145 m 3 /s. For the rest of the river flow in the up-stream direction from the hydropower plant, differences in EC are too small to discern different components; therefore, ratios were calculated with d
18 O values. The contribution of the southern C 4 component is small, representing only 8 % in the flow above the hydropower plant, with the discharge ranging from 0.009 to 0.012 m 3 /s. In the stretch between the confluence point and the sinking of water in the riverbed (Fig. 1b) , the behaviour of d
18 O values is similar to that in the first sampling campaign. In the sinking area measured values are relatively stable. Again, in the upper part of the river course, a slight decreasing trend in d 18 O values is observed. As in the former mapping campaign it appears that there is influence of waters similar to C 3 component which is more similar to the Velika Savica than to the Mala Savica indicating a diffuse component from the north direction. Velika Savica C 3 component represents 70 % and C 2 component 30 % in the riverbed with discharges from 0.069 to 0.093 m 3 /s and 0.029 to 0.040 m 3 /s, respectively.
Mapping in August 2011
The third mapping campaign was carried out on August 22nd and 23rd 2011 and samples were collected at 41 locations ( Fig S3 and Table S3 of the electronic supplementary material-ESM). The average daily air temperature at Bohinjska Č ešnjica meteorological station was 23.4°C on the first day and 23.0°C on the second day of sampling. EC ranged from 157 to 186 lS/cm, with an average value of 169 lS/cm and total range of 29 lS/cm. Water temperatures ranged from 5.4 to 12.7°C with an average value of 8.4°C and range of 7.0°C. d
18 O values varied between -9.94 and -9.00 % with an average value of -9.59 % and range of 0.94 %. The average daily discharge at the gauging station was 0.70 m 3 /s on August 22nd and 0.55 m 3 /s on August 23rd. In the total discharge duration curves for 1954 and 2012 discharges were lower than those on the day of mapping for 24 and 20 % of the time, respectively. Based on this it is concluded that the third mapping was conducted under lower hydrologic conditions than average but higher than that in February 2011.
Results of the third mapping campaign are not so differentiated as those of former mapping campaigns; however, d
18 O values were higher than in previous ones. Discharges in the riverbed of Velika Savica were relatively high, due to the overflow over the dam. Water was not taken for the hydropower plant. Such discharges masked all other influences along the river which, previously, were more distinctive. A change at the inflow point from the hydropower plant is observed; however, in the downstream direction, d
18 O values decreased slightly. Changes may be related to the rise in water temperature and to the changes in the discharges in the riverbed observed during mapping. The isotope composition for Mala Savica differs from that for Velika Savica but, downstream from the confluence, its influence on the isotopic composition of river water can hardly be visible due to its low discharge. All the mapping campaigns and other observations show that water from the Mala Savica riverbed infiltrates laterally and flows into the riverbed of Velika Savica before the confluence. If d
18 O values at the confluence and average d
18 O values in both riverbeds 100 m above the confluence are taken into account in the mixing model, then the share of the Velika Savica and Mala Savica is 78 and 22 %, respectively. With the same reasoning the relation based on EC values is 77 to 23 %. Larger differences can be detected in the whole EC profile. In the third mapping campaign, C 1 component can be estimated only with EC data; it represents 42 % of the C 5 component, which corresponds to a discharge of 0.231 m 3 /s. The shape of the EC profile shows distinct steps in the processes of sinking and water appearance in the riverbed pools. However, calculation of the components by the two end member mixing model is not possible. Water in the pools had an isotopic composition and an EC similar to those in previous sampling campaigns. A similar feature was also observed in sinking water but water appearing in the riverbed in the downstream direction had a higher EC, showing that water balance component C 4 from the south is Environ Earth Sci (2016) ) and was used for three-component end mixing model calculations. From this model the values for the C 2 -C 4 components are in the ratios of 21:73:6 %. These estimates should be taken as approximate because no other data are available to define the contribution from the C 4 component whose presence was visible but could not be identified by other mapping parameters. If these ratios are taken as reliable, the discharges of C 2 -C 4 can be estimated from the difference between C 5 and C 1 components as 0.067, 0.233, 0.019 m 3 /s.
Summary of sampling campaigns
Water balance calculations based on the hydrogeological mapping along the course of the River Savica are summarised in Table 1 . Estimates are illustrated by the balance components which are defined according to the conceptual model in Fig. 1b . Calculations are based on the two or three end member mixing models, applying EC and d
18 O values as variables. In spite of the fact that mapping was performed during different periods and in different hydrological situations, application of rough end member mixing models showed similarities between situations at all three mapping campaigns. During low water period, Mala Savica, defined as C 2 component, represents between 12 and 17 % of the total outflow from the total Savica recharge area. Velika Savica, in its complete water course, represented with the sum of components C 1 and C 3 , between 78 and 82 % of the total outflow. The contribution of the C 4 component to the total outflow is small and ranges from 3 to 5 %.
Relations between altitude, water temperature and d
O values
From isotope studies of water cycle it is well known that d 18 O values in precipitation, and consequently of infiltrated water, depend on altitude and temperature (Gat 1996 (Gat , 2010 and this is made use of in many geological and geochemical applications. We, therefore, sought to determine whether mapping data show any relation between d
18 O values and altitude or water temperature at a particular sampling point. The relations are presented graphically in Figs. 5 and 7. It is evident that no simple linear relation between d
18 O values and the other two variables exists. However, there are some grouping relations and complex trends that can be discerned.
In the scatter diagram (Fig. 5a ) the relation between d
18 O values and altitude at a given sampling point is shown. Average d
18 O values were calculated as a function of altitude using kernel regression and polynomial line fit (Fig. 5b) . The bandwidth determined by the program is 10.84 m. Values at the pool below the main spring of Velika Savica were excluded from the kernel regression calculations. The reason for this is that the difference of 67 m in altitude between the pool and the next sampling point in the downward gradient direction is, compared to other differences in the data set between neighbouring points, too large and does not allow stable calculation of the kernel regression. The kernel regression curve above the confluence of Velika Savica and Mala Savica is represented as an integrated line for both river streams.
The results (Fig. 5b) show that values of d 18 O become progressively more negative with distance from the spring towards to the confluence with Bohinj Lake. However, the trend is irregular, with a relatively steep drop in d
18 O values in upper parts of riverbed and with some bends in lower parts. The method applied for determining the minimum and maximum values gives a rough estimate, calculated with the same bandwidth as the average regression line. The differences between the minimum and maximum d
18 O values in Fig. 5b indirectly reflect their empirical distribution, which is a consequence of the mixing of water from different sources with different residence times in the stream and contributing aquifer as well as groundwater surface water interactions. In this particular case, where three sampling campaigns were performed, the empirical distribution at a particular point is not sufficiently precise to discern the above mentioned processes, but it can be seen that, in the lower part of the river, there is very wide distribution of d To obtain a more precise idea of the kernel average regression of d
18
O values in relation to their spatial position, the diagram in Fig. 6 was drawn based on the one to one correspondence between the altitudes of the riverbed used for kernel regression and the distances from the main Velika Savica spring. The diagram shows significant features similar to those in the previous mapping diagrams (Figs. 2, 3,  4) . The sinking point is marked by a shaded area because it appeared at different points during the three sampling campaigns and thus has no fixed position in the riverbed. In the upper part of the riverbed a steep drop in d
O values was observed and, shortly before the confluence of Velika Savica and Mala Savica, a small increase. This reflects the absence of the isotopic signal from the main Velika Savica spring and the predominant influence of the Mala Savica.
The shape of the distribution of d
O values from the confluence decline to the sinking area is similar to that of values from each sampling campaign, showing the possible influence of diffuse water, with a more negative isotopic composition, flowing from the north. Another change, detected in all three sampling campaigns, is present at the inflow from the hydropower plant. It influences significantly the isotopic composition of river water with more negative d O values from the upper part to the lower part is a consequence of Velika Savica inflow from the hydropower plant and, possibly, infiltration of water from higher altitudes flowing directly into the riverbed. This is also reflected in balance components summarised in Table 1. The diagram in Fig. 7 does not show any significant trends in the relation between water temperature and d
O values. A large scatter of data is present for each of the mapping campaigns. However, each mapping campaign represents a special group in the diagram. In the first mapping campaign the data are widely scattered but form two subgroups. In the lower one there is a weak positive trend of d
18 O values with water temperatures and, in the upper part, the trend is reversed. In the second campaign the group of data is scattered but without any significant grouping. In the third campaign, which has the most positive values of all three campaigns, there is a negative trend, more positive d 18 O values being observed at lower temperatures. This results from the fact that water in the river, during the course from springs to the confluence with Bohinj Lake, was warming up due to the high summer air temperatures. The third sampling campaign was performed in the period when a long dry period started and summer air temperatures were higher by 3°C than those in the year before.
Conclusions
The methodology of hydrogeological mapping was tested by means of isotopes on the karstic River Savica during the low-flow period in which relations between its tributaries were previously unknown. The results demonstrate the usefulness of the approach. The estimated relations on the River Savica are based on rough calculations. For the first time it has been estimated that, under low and average water conditions, Mala Savica contributes from 12 to 17 % and Velika Savica from 78 to 82 % of the total River Savica discharge; only minor inflow being present from the other parts. These results constitute an important step forward in understanding this complex karstic system in the Julian Alps. Mapping campaigns along the whole river were carried out under low to moderate hydrological conditions. The results cannot, therefore, be transferred directly to all possible hydrological conditions, but similar results obtained during the three seasons, with slightly different discharge regimes, indicate that the spatial relations are relatively stable.
The results are important for further investigation of the River Savica system. The information so obtained helps to discern hydrogeologically important points along the river course and, based on them, further work can be focused on more detailed observations at particular sites. The results will help gain a better understanding of hydrograph components and of the functioning of the karstic aquifer draining through the Savica springs and the direct inflows of groundwater into the riverbed.
